likely to provide us with definitive signatures of non-Abelian nature of excitations.
Concerning the interpretation of the experiments by Willett and coworkers, our analysis described above did not address one very important concern: the stability of the phase of the reported AharonovBohm oscillations to the tunneling of neutral quasiparticles between the bulk and the edge. Naïve estimates can lead one to a conclusion that such tunneling events would scramble the phase, completely washing out the oscillations. This, in turn, makes one wonder why any oscillation signal has been seen at all. Addressing this question in [D. J. Clarke and K. Shtengel, New J. Phys. 13, 055005 (2011)], we offered two possible mechanisms for stabilizing the phase of Aharonov-Bohm oscillations: a quantum Zeno effect (a stabilization of a quantum state that is being continuously measured) and a polarization of a qubit due to its interaction with the edge. We have argued that the latter mechanism provides a plausible explanation for the observations made by Willett and coworkers. (Previous studies focused on the oscillations driven by side-gate voltage alone.) We predicted a qualitative difference in the resistance oscillations with magnetic field of the ν=5/2 quantum Hall state, confined to an interferometer, depending on whether this state is Abelian or non-Abelian. Specifically, an Abelian state such as the (3,3,1) state would show oscillations with the same period as seen at an integer quantum Hall state. However, in an Ising-type non-Abelian state there would be a rapid oscillation associated with the "even-odd effect" and a slower one associated with the accumulated Abelian phase due to both the Aharonov-Bohm effect and the Abelian part of the quasiparticle braiding statistics. The measurements we suggested have been performed by R. Willett and appear to be consistent with the latter scenario, adding confidence to the expectation that the observed ν=5/2 FQH state is indeed non-Abelian.
(ii) Other candidate systems Several other systems have been proposed to host non-Abelian anyons of the Ising type -i.e. of the type expected to be found in the ν=5/2 state. While it has been understood for some time that such anyons -Majorana zero modes -can exist in vortex cores in 2D chiral p-wave superconductors (SC), further research in that direction was hampered by the lack of such readily available superconductors. However, following the prediction and subsequent discovery of 3D topological insulators, it was found that essentially the same physics can be realized on a surface of such an insulator in proximity to an swave superconductor. Another modification of this idea suggested by the Maryland group (as a part of this funded effort) is replacing a topological insulator by a "sandwich" structure made of a SC with strong spin-orbit coupling and a magnetic insulator. A natural question then arises: how do we detect non-Abelian anyons in such systems. In order to address this question we focused on developing experimental probes for Majorana modes in such topological superconductors (intrinsic or artificial). Most predicted experimental signatures of Majorana zero modes such as a zero-bias tunneling anomaly or the fractional Josephson effect are only very indirect probes of their non-Abelian nature. In [C.-Y. Hou, K. Shtengel, G. Refael, P. M. Goldbart, New J. Phys. 14, 105005 (2012)] we proposed an experiment for detecting the excess entropy of Majorana modes which accompany vortices in topological SC. Our proposal is based on the magneto-thermoelectric effect which manifests itself through the temperature difference between two opposite edges of a topological superconductor that results from the motion of vortices hosting Majorana. We have proposed a specific setup which utilizes a wide Josephson junction. The use of a wide junction makes the predicted Ettingshausen effect lie within an experimentally accessible range of parameters. Our work not only offers a novel route to detection of Majorana states in topological superconductors, it aims directly at probing the intrinsic entropy associated with Majorana zero-energy modes -a necessary feature for their non-Abelian statistics -hence offering a glimpse into their unconventional nature.
Finally, in order to develop a reliable technique for measuring the electron temperature at an edge of a topological superconductor (an important experimental parameter for any potential practical applications of chiral edge states in these systems), in [C.-Y. Hou, K. Shtengel, G. Refael, Phys. Rev. B 88 075304 (2013)] we investigated the thermoelectric effect between a conducting lead and a Majorana edge state. We confirmed that a non-vanishing thermopower can generically exist in this setting (which was not obvious, owing to the particle-hole symmetry of the superconducting edge state) and verified the Mott formula, which is instrumental to inferring the temperature of the Majorana edge state from measurements of the differential conductance and the voltage induced by the temperature difference between the conducting lead and the edge state.
Quantum circuitry for topological quantum computation
One of the crucial issues being faced by topological quantum computation is that non-Abelian anyons of the Ising kind appear to be most likely realized in a variety of physical systems, while the existence of other non-Abelian anyons in the experimentally feasible settings appears more doubtful at this point. Unfortunately, braiding and measuring Ising anyons alone cannot produce a computationally universal gate set. Hence, a vital open problem that must be addressed is how to practically achieve universal quantum computation using Ising anyons. We first focused our attention on the ν=5/2 FQH setting and put forward a practical proposal in which a topological qubit is enclosed in a "sack" formed by a quantum Hall liquid with the quantum point contact. This geometry allows for the interference of two paths the quasiprticles may take around the qubit: travelling around the edge of the sack and tunnelling through the QPC. The key difference between these two cases is that unlike the ν=5/2 quantum Hall setting, in the case of topological superconductors the non-Abelian particles are electrically neutral. This, in turn, leads to both new challenges and some benefits. The following findings are of particular interest: (i) The error rate for systems with neutral Ising anyons (e.g. topological superconductors) has been found to be inherently lower than that for systems in which the anyons carry charge (e.g. quantum Hall systems); (ii) We proposed to use interference between Josephson vortices to effect the phase gate, this novel idea has been sicnce picked up by others for general inferometry purposes. We also proposed a practical way of controlling the tunnelling of non-Abelian quasiparticles in systems based on topological superconductivity where standard techniques based on electrostatic gating would not work.
Engineering novel systems with non-Abelian anyons
Taking a cue from the conceptual designs of so-called "Majorana wires", we have introduced a device fabricated from conventional fractional quantum Hall states, s-wave superconductors and insulators with strong spin-orbit coupling[D. J. Clarke, J. Alicea, K. Shtengel, Nat. Commun. 4, 1348 (2013) ]. Similarly to a Majorana wire, the ends of our "quantum wire" would bind "parafermions", exotic nonAbelian anyons which can be viewed as fractionalized Majorana zero modes. These modes can be experimentally identified (and distinguished from Majoranas) using tunnelling zero-bias anomaly (combined with noise measurements) and/or Josephson measurements. We have also provided a practical recipe for braiding parafermions and derived their non-Abelian statistics. Aside from the interesting new physics, these anyons present new possibilities for quantum information processingthey allow for braiding-only entangling quantum gates which are not possible for Ising anyons (e.g. unpaired Majorana modes).
Build upon this construction, we have found that the aforementioned setup can be much simplified in the case of spin-unpolarized FQH states such as 2/3 or 2/5. Moreover, the unusual physics associated with zero modes in these systems allows us to design such exotic circuit elements as current mirrors and DC transformers.
Another extremely exciting possibility, which builds on the above occurs when a network of judiciously patterned "trenches" --hosting the aforementioned parafermionic zero modes --is created in such a way that these zero modes interact with one another. We have found that the system can be driven into a stable 2D " The 5/2 quantum Hall state is often viewed as a quantum Hall analogue of a chiral p-wave superconductor, and this analogy lies at the heart of research that seeks to use these states for topological quantum information. However, this analogy begs the previously unanswered question: what is the superconducting gap in the 5/2 quantum Hall state? In this paper, we gave the first calculation of this gap, which is relevant to the error rate for topological qubits in the 5/2 state. In these papers, we analyzed the possibility of Ising-type non-Abelian anyons in three dimensions, following a suggestion of Jeffrey Teo and Charlie Kane. We showed that certain types of solitons in three-dimensional ordered media could support an analogue of non-Abelian statistics due to their extended nature whose topology is governed by the ribbon permutation group. In this paper, we showed that Majorana zero modes can occur even in systems that do not have longranged superconducting order. Algebraically-decaying order is sufficient, which means that a bulk 3D superconductor is not necessary for the observation of Majorana zero modes in nanowires. Coating the nanowire with a film (which is possible with MBE growth) is expected to lead to such order, and this result encourages exploration in this direction. In this paper, we constructed a model of the conducting state at the LAO/STO interface that explains both magnetic and superconducting order. This model predicts that Majorana zero modes can occur in nanowires "drawn" with an atomic force microscope tip. In this paper, we showed that cuprate and, especially, pnictide superconductors can help stabilize Majorana zero modes in semiconductor nanowires at relatively high temperatures. We showed that the Fermi surface mismatches and the sign change of the order parameter can be overcome by, for instance, using a step-edge interface. In this paper, we analyzed a model of anyons -metaplectic anyons -that is the underlying anyon model behind the "parafermion" zero modes discussed by Clarke et al. (see above), Linder et al., and Barkeshli and Qi. Although these anyons are not universal for quantum computation, their braiding cannot be efficiently simulate classically. This a rare example of a topological phase that is not universal for quantum computation through braiding but nevertheless has #P-hard link invariants. This paper gives the first precise characterization of the relationship between bulk and edge in the fractional quantum Hall effect. We showed that the correspondence is one-to-many: while edge states can be classified by integral lattices, bulk states are classified by genera of lattices. This has implications for efforts to identify quantum Hall states through exponents obtained from transport through quantum point contacts.
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